Bacteria of the genus Rhizobium interact with leguminous plants in a host-specific manner and form nitrogen-fixing root nodules. In an early stage of this symbiosis, free-living bacteria attach to root hair tips, induce marked root hair curling and other visible alterations of the root morphology, and subsequently enter the host plant via infection threads in the root hairs (21, (23) (24) (25) . The bacterial nod (for nodulation) genes required in this early stage are located on a large so-called Sym (for symbiosis) plasmid and code for "common" and host-specific nodulation functions (13) . Transcription of the nod genes is mediated by the nodD regulatory gene product upon activation by flavonoids exuded by the plant roots (5, 11, 14, 19, 20, 26, 27) .
The host specificity of the symbiosis is partly determined by the source of the nodD gene and the sets of inducers present in the root exudate (22, 28) . In contrast to strains of Rhizobium leguminosaruim bv. viciae and R. legiuminosariiin bv. trifolii, Rhizobium meliloti contains three functional copies of nodD, each of which may play different regulatory roles in the establishment of host-specific symbiosis (9) . Evidence has been provided that the nodD product binds to the nodA promotor. This binding is independent of the presence of inducing flavonoids (6, 8) .
Studies on induction profiles of wild-type NodD proteins, and with nodD mutants and hybrids of different n1odD genes which display an altered flavonoid specificity, suggest a * Corresponding author. direct interaction of the inducer with the product of nodD (3, 11, 22) . Since flavonoids induce the nod genes at very low (nanomolar) concentrations, one can calculate that at the minimal inducing concentration of 2.5 nM (27) , in the absence of an accumulation mechanism, only one molecule of naringenin is present in a Rhizobium cell, which has a volume of 0.6 x 10-13 ml. Thus, a mechanism must exist to accumulate flavonoids in the bacterial cell in order to allow their interaction with the nodD gene product.
As a first attempt to unravel the mechanism of inducible nod gene transcription, we investigated the accumulation of the niod gene activator naringenin by R. leguminosarum bv. i'iciae (27) . The results indicate that the accumulation of naringenin is independent of the presence of or activation of nodulation genes, and data are provided which suggest that naringenin accumulates rapidly in the cytoplasmic membrane.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. R. trifolii LPR5045, cured of its Sym plasmid pRtr5a (10), and strain RBL5560, an LPR5045 derivative containing the R. legiiminosar-um Sym plasmid pJB5JI (27) , were used for uptake experiments. The plasmid pMP154 contains the nodA promoter of R. legullminosaruin bv. viciae plasmid pRLlJI fused to the Escherichia coli structural gene lacZ (27) . Bacteria were maintained at 28°C on solid YMB medium, which contains yeast extract and mannitol (10) . They were grown routinely in induction medium (pH 6), which is inducing activity of naringenin as described previously (27) .
The (12) . Samples (0.5 ml) were layered on top of a 0.3-ml silicone oil mixture consisting of 70% (vol/vol) AR20 and 30% (vol/vol) AR200 (Wacker Chemie, Munich, Federal Republic of Germany).
After centrifugation for 3 min in an Eppendorf centrifuge (type 5414S), the tubes were turned upside down and the tip containing the cell pellet was cut with a wire cutter so that it fell directly into a scintillation vial. After suspension of the cell pellet in 1.0 ml of distilled water, 8.0 ml of scintillation liquid (Quickzint 212; Zinsser Analytic, Maidenhead, Berkshire, England) was added, and the radioactivity was determined with a LKB-1214 Rackbeta scintillation counter (LKB, Turku, Finland). Internal cell volume was determined with 3H20 as described by Kashket (12) (Fig. 1) . With a cellular volume of 7 pl/mg of cellular protein, the concentration of cell-bound radioactivity was calculated to be approximately 80-fold higher than the medium concentration, and this accumulation ratio was constant up to at least 600 nM naringenin (Fig. 1, inset) . At 100 nM naringenin, which causes maximal nod gene activation (27) 10.5 it equalled the background level (Fig. 3) . A similar pH dependence was found for the hydrophobic properties of naringenin. The affinity of flavonoids for olive oil has been shown to be a reliable standard for their relative hydrophobicity (2) . Partitioning of naringenin between an aqueous and hydrophobic olive oil phase revealed that at pH 5.5, approx- (Fig. 3) . With increasing pH, this percentage decreased, and at pH 10.5 no radioactivity was detectable in the olive oil phase (Fig. 3) . The apparent pKs for the pH-dependent partitioning of naringenin in the cell-medium and olive oil-water phases were 7.0 and 7.7, respectively (Fig. 3) .
The pH-dependent hydrophobicity of naringenin paralleled alterations in its UV spectrum (Fig. 4) . The spectrum at pH 5.5 showed a single absorption maximum at a wavelength of 289 nm, which varied inversely with a peak at 320 nm at pH 10.5 . These data on partitioning and absorption maxima suggest the pH-dependent existence of at least two forms of naringenin which have different hydrophobic properties.
Selective binding of naringenin to the cytoplasmic membrane. The partitioning experiments indicate that at pH 5.5, naringenin is relatively hydrophobic. Since hydrophobic flavonoids exhibit a strong affinity towards biological or model membranes (7) , the affinity of naringenin for the membranes of Rhizobiurm leguminosarum bv. viciae was investigated. [3Hinaringenin was added to the total membrane fraction of strain RBL5560 at pH 5.7, 7.0, 8.0, and 9.7, and cytoplasmic and outer membranes were subsequently separated by sucrose gradient centrifugation. The two bands observed after centrifugation coincided with the A280 absorption profiles (Fig. 5) . The lower band (fractions 4 to 8) contained more than 90% of the 2-keto-3-deoxyoctonate content. The upper band contained approximately 90% of the NADH oxidase activity. With these results and the sodium dodecyl sulfate-polyacrylamide gel electrophoresis protein patterns of the fractions, which resembled the patterns shown for R. leguminosarum 248 (4), the lower and upper bands were identified as the outer and cytoplasmic membranes, respectively. At the pHs studied, no radioactivity could be recovered from the outer membrane fractions (Fig. 5) . At a pH of 5.7, at which naringenin is soluble in olive oil, radioactivity accumulated in'the cytoplasmic membrane fractions (Fig. 5) .
The amount of naringenin bound to the cytoplasmic membrane decreased approximately 15% during the 12 h of incubation due to tritium exchange with the aqueous environment (see Materials and Methods, subsection Radiochemicals). At pH 7.0 and 8.0, accumulation of naringenin in the cytoplasmic membrane decreased (not shown), and at pH 9.7 radioactivity was only detectable in the upper fractions of the tube (Fig. 5) (27) . Below pH 6.0, p-galactosidase production decreased significantly independent of the naringenin concentration.
DISCUSSION
Accumulation of naringenin in Rhizobium spp. Since a naringenin concentration of 2.5 nM, which without accumulation corresponds to 1 molecule of naringenin per cell, is sufficient to induce nod gene expression (27) , we expected that this compound and other inducing flavonoids would be accumulated by Rhizobium cells. Indeed it appeared that, assuming an even distribution of naringenin throughout the cell, the cellular concentration of naringenin is 80-fold higher than the extracellular concentration (Fig. 1) . This corresponds to 3,500 molecules per cell at 100 nM extracellular naringenin, a concentration which is sufficient for maximal induction. TLC of accumulated naringenin showed no evidence for intracellular metabolism (Fig. 2, inset (Fig. 1, inset) . (ii) It is independent of the incubation time (Fig. 1) (Table 1) or decreasing the temperature to 4°C resulted in a substantial increase in accumulation. These data suggest that no specific highaffinity sites or uptake mechanism for naringenin is present. Instead, the presence of a proton motive force appears to reduce the accumulation of naringenin. Intracellular accumulation and localization of naringenin. At a pH of 5.7, naringenin has a strong affinity for the cytoplasmic membrane' but; surprisingly, not for the outer membrane (Fig. 5) . Since the accumulation of naringenin in whole cells is highly reversible (Fig. 2) [3H]naringenin is unlikely to combine again with membrane vesicles during passage through the gradient, low-affinity binding to the outer membrane cannot be excluded. These data strongly suggest that naringenin accumulation by whole cells (Fig. 1) is not caused by nonspecific binding to the cell surface but by accumulation in the cytoplasmic membrane.
The partitioning of flavonoids between an olive oil phase and an aqueous phase has been shown to reflect its affinity for lipid bilayers (2) . The observation that naringenin accumulates in the olive oil fraction of an olive oil-water biphasic system (Fig. 3) in a pH-dependent way similar to that by which it accumulates in whole cells (Fig. 3) and the cytoplasmic membrane (Fig. 5) indicates that the hydrophobic environment of the cytoplasmic membrane is sufficient to ensure accumulation. A specific naringenin-binding protein is not required to explain the data. Changes in pH cause alterations in the UV spectrum of naringenin (Fig. 4) , presumably because at high pH the ionizable hydroxyl groups at positions C-7 and C-4' of naringenin become negatively charged. A similar pH-dependent binding has been reported for the structurally related flavonoid phloretin to human erythrocytes (15) and black lipid membranes (1) . Uncharged phloretin is able to increase the permeability of lipid membranes for ions, and it has been proposed that it interacts with the phospholipid bilayer due to its bipolar properties (1).
The differences found for the apparent pK's of the pHdependent partitioning for naringenin in the olive oil-water and the Rhizobium cell-water phases (pH 7.7 and 7.0, respectively) are possibly due to the difference in systems used. In the cell-medium system (distribution ratio in Fig. 3) , the amount of naringenin in the medium changes little when the pH is changed because the cellular volume is only 0.32
[I/ml of medium. In the olive oil-water system (Fig. 3) , the amount of naringenin in the water phase changes profoundly when the pH is changed because the oil-to-water ratio is 1:1.
As far as could be tested, the available evidence (Table 2 ) shows a good correlation between naringenin accumulation as measured in this study and nod gene activation. In this respect, there is homology with the effects of flavonoids on membrane-bound transport ATPase, where a direct correlation between the affinity of different flavonoids for olive oil-water (1:1 mixture), synaptosomal vesicles, and the membrane-bound ATPase could be detected (2) . In the same context, we report a direct correlation between the affinity of different forms of one flavonoid (Fig. 4) for bacteria and olive oil (Fig. 3) , the cytoplasmic membrane (Fig. 5) , and nod gene activation ( Table 2) .
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